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Steric selectivity of metachromatic, cationic dyes related to molecular planarity has been 
investigated using a number of  representative anionic bilayer aggregates described in the 
preceding paper. The anionic bilayer membranes specifically incorporated planar cationic dyes 
such as methylene blue (MB) and acridine orange (AO) as monomers in the hydrophobic region of  
crystalline bilayer aggregates, whereas bulky dyes such as crystal violet (CV), cyanine dye (NK- 
737) and rhodamine 6G (R6G) could not be incorporated and existed mostly as aggregates in the 
hydrophilic region. The incorporated, planar dyes underwent monomer-to-aggregate transitions 
during the gel-to-l iquid crystalline phase transition of the bilayer host, whereas the unincorporated, 
bulky dyes underwent aggregate-to-monomer transitions under the same conditions. With these 
properties in mind, the conditions for planarity recognition of  cationic dyes were investigated in 
relation to steric hindrance among intramolecular aromatic rings, bulkiness of  substituted groups 
attached to the aromatic rings, and hydrophobicity. Solvatochromic dyes which ordinarily showed 
no aggregation were also investigated for the direct observation of  the microenvironment in 
which the dyes exist and for the generalization of planarity recognition. It was revealed that 
distortion of  aromatic rings caused by the steric hindrance significantly interfered with the 
incorporation of the dye. In a series of  planar dyes with the same aromatic rings, an increase in 
molecular distortion by  introducing bulky su bstituents made incorporation more diff icult in spite o f  
there being an increase in the hydrophobicity. These results indicate that complete molecular 
planarity, resulting from minimal distortion of aromatic rings and the absence of bulky substituents, 
is more important than hydrophobicity for preferential incorporation. Variations in the molecular 
structure of  the L-glutamate amphiphiles also makes less clear the classification of  dyes according 
to  the extent of  molecular packing among L-glutamate residues. A n  optimum molar ratio of  
amphiphile to dye also exists in which the selectivity between planar and hindered dyes is 
maximized. 

Molecular recognition is one of the most fundamental and 
important processes in living systems. The construction and 
utilization of such specific and highly selective processes as 
artificial systems is the current target of many researchers. 
Synthetic bilayer membranes are some of the most attractive 
materials for the purpose. Dyes are convenient materials as 
guest molecules and microenvironmental probes owing to 
their useful characteristics such as aggregation, fluorescence 
emission, solvatochromism, thermochromism. In general, vari- 
ations in the absorption spectra of dyes are not necessarily 
dependent only on their chemical structure. In solution, 
differences in absorption spectra from that of monomeric 
species usually depend on the nature of the solvent and the 
concentration. Another cause of variation in absorption spectra 
is electrostatic interaction with oppositely charged poly- 
electrolytes. This effect is termed metachromasy and, to date, a 
considerable number of reports have It is 
generally agreed that the metachromasy is due to reversible 
polymerization of the dye molecules, with the polymer 
exhibiting an absorption spectrum different from that of the 
monomer.' It is believed that, in many cases, the aggregation of 
cationic dyes is restricted to dimerization,' although some kinds 
of cyanine dye form higher polymers (J-aggregates) in 
concentrated aqueous solution 26 and on such as silver halide. 

In our previous cornm~nica t ion ,~~ we reported the extra- 
ordinary monomer-to-dimer transition of MB. The detailed 

mechanism was determined by investigation of the variation of 
chemical structure of amphiphiles using MB as the guest 
molecule, and is described in the accompanying paper.28 The 
transition was induced by the gel-to-liquid crystalline phase 
transition of the bilayer aggregates formed from the represen- 
tative amphiphilic telomer 1 with an oligo(acry1ic acid) head 
group and the corresponding, much simplified amphiphile 2. 
These bilayer aggregates induced similar behaviour in A 0  ' 
whose molecular structure is relatively similar to that of MB. It 
is especially noteworthy that the transition of MB induced by 
the gel-to-liquid crystalline phase transition is in the opposite 
direction compared with those of CV and NK-737.27 CV and 
NK-737 showed ordinary aggregate-to-monomer transition in 
1 systems, respectively. This means that MB and A 0  were 
selectively incorporated into anionic, crystalline bilayer aggre- 
gates of 1 and 2, whereas CV and NK-737 could not be 
incorporated into the hydrophobic region but existed in 
hydrophilic region and aggregated as a result of electrostatic 
binding to carboxylates. Therefore, it is considered that the 
anionic, crystalline bilayer membranes formed from L-gluta- 
mate-based amphiphiles are selective not only for MB and A 0  
but also for other cationic dyes which must have a common 
feature in their molecular structures. These results were an 
indication of molecular recognition. However, it is difficult to 
evaluate all the different kinds of dye systematically by using 
monomer-to-aggregate transition phenomena, because some of 
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the much less planar dyes show little or no aggregation 
(metachromatic) properties. Therefore incorporation behaviour 
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of such dyes into crystalline bilayers cannot be evaluated by 
using monomer-to-aggregate transition phenomena accom- 
panied by gel-to-liquid crystalline phase transitions. However, if 
the dyes are solvatochromic, the polarity of the microenviron- 
ment can be evaluated by the change in the wavelength of the 
absorption maximum (Amax) caused not by aggregation but by 
solvatochromism. Unfortunately, most of the metachromatic 
dyes used in this study did not show any significant 
solvatochromism which is generally used for probing micro- 
environments in which the dyes exist. Therefore, direct 
observations of dye incorporation and release were difficult, 
although the dispersion states of the dyes could be inferred by 
metachromatic properties alone to some extent. The other 
crucial problem is that various kinds of dye have different 
hydrophobicities which play a significant role in their 
hydrophobic interactions with molecular assemblies in water. 
In general, it is considered that the higher the hydrophobicity of 
the dye, the easier the dyes can be incorporated into the 
hydrophobic region of the molecular assemblies. Therefore, the 
effects of molecular structure of various dyes cannot be 
compared directly. To circumvent these problems, structurally 
related dyes, ortho- and para-type stilbazolium derivatives with 
different N-alkyl groups, namely, 4-(4-dimethylaminostyryl)-N- 
methylpyridinium iodide (St-4C1), 2-(4-dimethylaminostyryl)- 
N-methylpyridinium iodide (St-2C1), 2-(4-dimethylamino- 
styry1)-N-ethylpyridinium iodide (St-2C2) which are not 
metachromatic ordinarily but which are solvatochromic were 
also investigated and the preliminary results have already been 
de~cribed.~’ The results from these metachromatic and 
solvatochromic properties of dyes confirmed and generalize the 
planarity recognition of cationic dyes by L-glutamate-based 
bilayer assemblies in the crystalline state. In this paper, we 
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describe the evidence for the planarity recognition of cationic 
dyes by anionic, crystalline bilayer aggregates. 

Experimental 
Materials.-The preparation of amphiphiles of 1 (L, n = 1 S), 

2 ( ~ , n  = 18) ,3(~ ,n  = 16) ,4 (~ ,n  = 1 4 ) a n d 5 ( ~ ~ , n  = 18)were 
described in the accompanying paper.28 Amphiphiles 6 (DL, n = 
16) and 7 (DL, n = 14) were newly synthesized according to the 
method described in the accompanying paper: 28 6 (87%); m.p. 
4146  "C (methanol); v,,,(KBr)/cm-' 3308, 2926, 1742, 1649, 
1468 and 1205; G(CDC1,) 0.81-0.94 (t, 6 H, CH,), 1.09-1.43 (m, 
56 H, CH,), 2.20-2.54 (m, 6 H, C H , W ) ,  3.924.30 (m, 4 H, 
CH,OC=O). (Found: C, 71.0, H, 11.3, N, 1.95. Calc. for 
C,,H,,NO,: C, 71.04; H, 11.21; N, 1.97%); 7 (74%); m.p. 38- 
45 "C (methanol) (Found: C, 69.65; H, 11 .O; N, 2.18. Calc. for 
C3,H7,NO,: C, 69.79; H, 10.94; N, 2.14%); almost the same IR 
and 'H NMR data as for 6 were obtained. All dyes except 
NK-737 were purchased and used after recrystallization twice 
from methanol. NK-737 was donated by the Japanese Research 
Institute For Photosensitizing Dyes Co. Ltd. and was used 
without further purification. Poly(acry1ic acid) (average 
molecular weight, 2000) was purchased from Aldrich and was 
used without further purification. 

Lipid Membrane Preparation.-The lipids were hydrated 
with 30cm3 of deionized water at 70°C by ultrasound 
(Ultrasonic generator with a 4280s type vibrator produced by 
Kaijyo Denki Co. Ltd.), and then the suspension was kept at 
20 "C for 1 h prior to use. 

Preparation of Lipid MembranelDye Solution.-All the 
solutions of the mixture of bilayer and dye were prepared by 
addition of a stock solution of the dye to an aqueous dispersion 
of the amphiphile and were sonicated. After adjusting pH to a 
selected value with sodium hydroxide, the solutions were used 
for visible absorption spectral measurements. 

Assignment of Dye Species.-Assignment of monomeric and 
aggregated species of respective cationic dyes in the visible 
absorption spectra was confirmed when the following con- 
ditions were deemed to have been fulfilled. (1) When the dye 
solution was concentrated, the number of aggregated species 
increased, and conversely, dilution led to the transition from 
aggregates to monomers 27,30-35 (2). The number of monomeric 
species increased in solvents of low relative permittivity 4,35 
such as alcohols. (3) The number of monomeric species 
increased when the aqueous dye solution was heated.18.34*35 

For many cationic dyes in this study, it was difficult to clarify 
the relationships between aggregation number and their absorp- 
tion maxima in the visible absorption spectra. The aggregated 
dye species of various cationic dyes, except MB 3 2 9 3 5 , 3 6  and 
A 0  ' v 3 0  whose aggregation numbers are known or cited in the 
literature many times, were treated expediently as 'dimers', 
because the aggregation number is essentially not important at 
least in this study and the fact that dyes aggregate and show 
metachromatic behaviour by binding to carboxylates is only 
significant for the evaluation of incorporation and release. 

Absorption Spectral Measurement.-The samples in a 1 mm 
quartz cell were incubated for 15 min at selected temperatures. 
The absorption spectra were measured with a JASCO Ubest 35 
spectropho tometer. 

Results and Discussion 
Assignment of Dye Species in Various Media.-Assignment of 

the dye species in the visible absorption spectra is very 

important prior to investigation of the various dyes. Table 1 
shows the absorption maxima (A,,J of various dyes in various 
media. Values quoted without an asterisk denote main peaks 
and those with an asterisk denote shoulders or second- or 
higher-order peaks. To dissociate the aggregated species, 
methanol was used as an organic solvent of low relative 
permittivity., In these solvents, monomeric dye species are 
predominant in general. To induce aggregation in cationic dyes, 
water, which has a much higher relative permittivity was used. 
By heating the aqueous solution, aggregated dye species were 
converted into monomers. It was also confirmed that these dyes 
showed no significant thermochromism in water and alcohols, 
if any at all. In general, absorption bands that were hypso- 
chromically shifted compared with that of the monomeric 
species could be ascribed to H-aggregates with head-to-head, 
parallel stacking of the dye molecules.2 In contrast, 
bathochromic shift could be ascribed to the J-aggregates with 
head-to-tail tilt stackings., On the basis of these results, 
aggregated and monomeric dye species in various media were 
assigned and are denoted (D) or (M) in Table 1. 

Classification of Dyes According to their Molecular Plan- 
arity.-In our previous comm~nica t ion ,~~  we reported that MB 
and A 0  could be incorporated into the hydrophobic region of 
crystalline bilayer aggregates of 1, whereas CV and NK-737 
could not be incorporated and showed ordinary aggregate-to- 
monomer transition during the gel-to-liquid crystalline phase 
transition of 1. Representative absorption spectra of 1-A0 and 
1-CV systems at 20 "C (crystalline state) and 65 "C (liquid 
crystalline state) are shown in Fig. 1. As shown in Fig. 1 (a), A 0  
cation showed a dimer band at 475 nm and a monomer band at 
502 nm at 20 "C. A 0  exists in cationic form under these 
conditions (pH 9.0) because the pKa value of the ring nitrogen in 
A 0  is approximately 10.45.37-39 By raising the temperature, the 
monomeric species are converted into the dimeric species (471 
nm). The existence of an isosbestic point (490 nm) indicates that 
the dimeric and monomeric species are in equilibrium. On the 
other hand, CV showed an aggregate band at 548 nm and a 
monomer band at 595 nm at 20°C. By raising temperature, 
numbers of the aggregated species decreased and that of the 
monomeric species increased. However, the absorption spectra 
showed no isosbestic point, indicating that at least three kinds of 
CV species exist in the system. The absorption spectra of CV at 
20 "C in Fig. l(b) is similar to that of the aqueous PAA-CV 
system at pH 9.0, which is indicative that CV is not incorporated 
into the hydrophobic region of bilayer aggregates of 1 in the 
crystalline bilayer state. Similar phenomena were observed 
when NK-737 was used instead of CV. NK-737 formed J- 
aggregates peaks for which appeared sharply at higher 
wavelength (580 nm) than that of monomeric species (550 nm). 
In general, it is considered that J-aggregates consist of at least 3- 
7 dye m o l e c ~ l e s . ~ * ~ ~  Therefore, it is not likely that NK-737 exists 
in the inner hydrophobic region of bilayer aggregates of 1. MB 
and A 0  have planar structures, whereas CV and NK-737 
experience steric hindrance between component aromatic rings. 
These facts suggest that the apparent selectivity shown by 
crystalline bilayer aggregates of 1 is derived from the molecular 
planarity of these cationic dyes. 

Planarity Recognition Evidenced by Metachromasy: Distor- 
tion of Intramolecular Aromatic Rings.-To interpret system- 
atically the structural features of many kinds of metachromatic, 
cationic dyes, the dyes were conveniently classified into three 
classes according to the extent of steric hindrance and bulkiness 
(Fig. 2). MB, Azure A, Toluidine Blue 0, AO, Proflavine, 
Oxazine 1 and Thionine belong to class 1. Phenosafranine (PS), 
Safranine 0 (SO) and Rhodamine 6G (R6G) belong to class 2. 
The most distorted dyes, CV and NK-737 belong to class 3. 
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Fig. 1 Visible absorption spectra of A 0  (a)  and CV ( b )  in the presence 
of bilayer aggregates of 1: [l] = 6.0 x lo4 mol dm-3, [Dye] = 
1.5 x mol dm-3, pH 9.0; Path length of quartz cell, 0.1 cm 

Class 1 (planar dyes) 

Methylene blue 
Azure A 
Toluidine blue 0 
Acridine orange 
Prof I avi n e 
Oxazine 1 
Thionine 

Class 2 (somewhat hindered dyes) 

Phenosafranine 
Safranine 0 
Rhodamine 6G 

Class 3 (most hindered dyes) 

Fig. 2 Schematic representation of preliminary classification of 
cationic dyes according to the steric hindrance of aromatic rings 

However, although Malachite green (MG), which lacks only a 
dimethylamino group compared with CV, was originally placed 
in class 3, it could not be used as a substrate because it showed 
neither metachromatic nor solvatochromic properties. 

In accordance to the classification given above, the inter- 
actions of representative dyes with anionic bilayer aggregates 
formed from 1 were investigated. As shown in Fig. 3, the dyes in 
class 1 and class 2 showed monomer-to-aggregate transition on 
raising the temperature, whereas CV in class 3 showed 
aggregate-to-monomer transition with no isosbestic point, as 
did the PAA-CV system, indicating that at least three dye 
species exist in the system. Therefore, the distinction between 
class 2 and class 3 was attained. However, similar distinction 
between class 1 and class 2 has not yet been attained. 

We considered that, if bilayer aggregates with much tighter 
molecular packing than 1 were used instead of 1, discrimination 
between class 1 and class 2 would be possible. For this purpose, 
the amphiphile 2 was chosen. Prior to use, it was confirmed that 
bilayer aggregates of 2 experienced much more difficulty in 
incorporating catonic dyes than those of 1 as shown in Fig. 4. In 
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Fig. 3 Temperature dependencies of absorption ratio (Adimer/Amonomer) 
of dyes in the presence of 1: [l] = 6.0 x mol dm-3, [Dye] = 
1.5 x mol dm-3, pH 9.0; A, poly(sodium acry1ate)-CV; W, 
lLR6G; 0, 1-CV; a> 1-PF; 17,l-PS; @, I -A0  

general, increasing molar ratio of amphiphile to dye promotes 
the transition of the dye species from aggregates to monomers 
by incorporating them into hydrophobic region, and the A,,, 
value reaches a constant value close to those in organic 
 solvent^.^' Bilayer aggregates of 2 with glutarate head groups 
have much greater difficulty in incorporating MB than do those 
of telomer 1 with oligo(acry1ate) head groups. Using 2, the 
dyes in class 1 and class 2 were investigated at the molar ratio 
[2]/[Dye] = 15. As shown in Fig. 5(b), Safranine 0 (SO) in 
class 2 underwent the dimer-to-monomer transition in the 
presence of 2. Conversely, the monomer-to-dimer transition was 
induced in the presence of 1 as shown in Fig. 5(a). This means 
that discrimination between class 1 and class 2 could be 
achieved in the bilayer system of 2, therefore, the preliminary 
conclusion could be drawn that these bilayer aggregates have 
the ability to recognise planarity in cationic dyes according to 
the degree of distortion of the dye molecule. 

Evidence f o r  Non-incorporation of Bulky Dyes.-Next, it 
should be evidenced that the dyes which belong to class 3 are 
not easily incorporated into the hydrophobic region of anionic 
bilayer aggregates. As shown in Fig. 4, variation of the molar 
ratio of 2 to CV and R6G at fixed dye concentration did not give 
a critical molar ratio at which the dyes are incorporated 
completely. This indicates that CV and R6G cannot aggregate 
sufficiently and therefore, the incorporation behaviour of these 
dyes cannot be evaluated by use of molar ratio variations. 
However, R6G showed strong fluorescence at a molar ratio of 
40 when the temperature was raised to bring about the liquid 
crystalline state of 2. Furthermore, very weak emission was 
observed at 20 OC, suggesting that R6G under these conditions 
was not incorporated in the hydrophobic region of 2. It was also 
noted that R6G continued to show weak emission when the 
temperature was raised to the level of the liquid crystalline state 
at a molar ratio of 30, at which ordinary planar dyes are 
incorporated almost completely, indicating that R6G is still 
largely unincorporated even at such a high molar ratio. As a 
result, bilayer membranes formed from amphiphile 2, with its 
much simplified head group, cannot induce sufficient aggreg- 
ation in hindered dyes such as CV and R6G. However, when 
telomer 1 with its oligo(acry1ate) head group was used, sufficient 
aggregation could be induced even in both CV and R6G. 
Therefore, only in telomer systems such as 1 could the 
dispersion state of CV and R6G be evaluated by use of 
aggregation behaviour of these dyes in the crystalline bilayer 
state. In the case of NK-737, enough J-aggregates were induced 
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Fig. 4 Molar ratio dependencies of absorption ratio (Adimer/Amonomer) 
of MB and bulky dyes in the presence of 1 or 2: [Dye] = 1.5 x lo4 mol 
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Fig. 5 Differences in the direction of transitions of dye species of SO in 
the presence of l(a) and 2(b); [SO] = 1.5 x lo4 rnol dm-3, [l] = 
6.0 x mol dm-3, [2] = 2.3 x rnol dm-3, pH 9.0 

even in the presence of 2 in spite of the bulkiness of the dye 
molecule; it is known that the higher the molecular hindrance 
in cyanine dye molecules, the greater the tendency to form 
J -aggrega te~ .~~ .~ '  In fact, the hindered NK-737 could form 
J-aggregates in the presence of 2 only at temperatures below 
respective T, even at the high molar ratio of 20. The J- 
aggregates were converted into monomeric species by the phase 
transition of 2. A similar result was obtained when the molar 
ratio of 2 to NK-737 was increased to 30. These results clearly 
indicate that NK-737 is less easily incorporated into the bilayer 
aggregates of 2, compared with the dyes belonging to classes 1 
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Fig. 6 Temperature dependence of absorption ratio (Adimer/Amonomer) 
of MB, DMMB, TB, Azure A, A 0  and PF in the presence of 2: [2] = 
6.0 x rnol dm-3, pH 9.0. The 
dotted line represents the DSC thermogram of aqueous 2. 

rnol dm-3, [Dye] = 1.5 x 

and 2. From the above observations that class 3 dyes do not 
undergo appreciable incorporation into bilayer aggregates of 1 
and 2, it is evident that molar ratio and temperature variations 
are not useful indicators. However, the extent of incorporation 
of class 3 dyes can be evaluated by fluorescence emission either 
spectroscopically or visually. 

Effect of Substituents and Hydrophobicity.-As shown in 
Table 2, the dyes which belong to class 2 and class 3 could be 
discriminated by using bilayer aggregates of 1, as indicated by 
the dotted lines. However, the different behaviour shown by PS 
and SO still remained unclear. It was considered that the two 
extra methyl groups present in SO compared with PS play a 
crucial role in the aggregate-to-monomer transition. Therefore, 
the influence of bulkiness of substituents on incorporation was 
investigated. Three more pairs of dyes, one of which contained 
more substituents than the other, were chosen in addition to 
the pair PS-SO, namely, MB-1,9-dimethyl-Methylene Blue 
(DMMB), Toluidine Blue 0 (TB)-Azure A and AO-Proflavine 
(PF). According to the method given in Fig. 4, the molar ratio 2: 
dye was varied. As a result, PS, MB, Azure A, and proflavine, 
with no methyl groups were incorporated at a lower molar ratio 
in spite of their somewhat lower hydrophobicity than the 
corresponding dyes with methyl group(s). These results clearly 
indicate that the presence of bulky substituted groups is an 
important factor that affects incorporation. It is noteworthy 
that DMMB and TB tend to form polymeric species. This is 
probably due to the difficulty in being incorporated and results 
in the formation of polymeric species at the surface of the 
crystalline bilayer membranes. 

Temperature dependences were also examined, to determine 
whether dyes with bulky methyl group(s) are released more 
easily from the inner site of bilayer aggregates than those 
without methyl groups even at temperatures below T,. Actually, 
as shown in Fig. 6,  DMMB, A 0  and TB were easily released 
and aggregated at temperatures lower than the maximum 
temperature (T,) of bilayer aggregation of 2. It is noteworthy 
that TB showed slight polymer band32 at a lower wavelength 
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Table 2 
1 and 2, [Dye] = 1.5 x lo4 mol dm-3, pH 9.0 

Final classification of various dyes based on the planarity recognition and the direction of transitions in the presence of bilayer aggregates of 

1 (C11/[Dyel = 4) 2 (PI/CDYel = 20) 

Dye 20 "C 65 "C 20 "C 65 "C 

Methylene Blue Monomer - Dimer Monomer - Dimer 
Azure A Monomer - Dimer Monomer - Dimer 
Toluidine Blue 0 

Acridine Orange Monomer - Dimer Monomer - Dimer 
Proflavine Monomer - Dimer Monomer - Dimer 
Oxazine 1 Monomer - Dimer Monomer - Dimer 

___ Thionine Monomer - Dimer Monomer - Dimer 
Phenosafranine Monomer - Dimer Monomer --+ Dimera 

Class 2 
1 Safranine 0 Monomer - Dimer Dimer - Monomer 

Crystal Violet Dimer - Monomer Dimer - Monomer 
Dimer - Monomer 

Monomer - Dimer Monomer - Polymer - Dimer 
(Polymer) 

Tass 
T .......................................................... 

~- ........................................................................................... 

Dimer - Monomer 
T 

Class 3 Rhodamine 6G 
1 NK-737 J-aggregate - Monomer J-aggragate - Monomer 

a Investigated at a molar ratio of 15 because both PS and SO showed the same behaviour (monomer -+ dimer - monomer transition) at a molar 
ratio more than 20. 

than that due to dimers, when the molar ratio [2] : [Dye] = 20 
and at a temperature lower than T,; Azure A did not polymerize 
under the same conditions. The polymeric species was increased 
at the expense of monomeric species (monomer-to-polymer 
transition) at the relatively higher temperatures below T, of 2 
during the heating process. Finally, the polymeric species were 
converted into dimeric species at temperatures above T, (liquid 
crystalline bilayer state). This result also supports the observ- 
ation that the dyes with bulky substituents, in spite of having 
planar rings, are released at an early stage in the phase 
transition. On the basis of these results, it is considered 
reasonable that R6G which was initially classified as class 2 
should actually be included in class 3 as summarized in Table 2. 
Therefore, it was concluded that the bilayer aggregates of 1 and 
2 recognize the whole molecular planarity resulting from a 
combination of both lower intramolecular distortion of the 
aromatic rings and the low bulkiness of substituent groups. 

Next, contribution of hydrophobicity to planarity recogni- 
tion was considered. TB, DMMB and A 0  with methyl groups 
seem to have somewhat higher hydrophobicity than do the 
corresponding hydrogen-substituted dyes. In general, it is 
considered that the higher the hydrophobicity, the easier the 
dyes can be incorporated into the hydrophobic region of the 
bilayer aggregates. Contrary to this however, TB, DMMB and 
A 0  showed greater difficulty in being incorporated into the 
hydrophobic region of crystalline bilayer aggregates of 2 than 
did the corresponding hydrogen-substituted dyes, Azure A, MB 
and PF, respectively, as determined by varying the molar ratios. 
These contradictory results suggest therefore that specific 
incorporation of dyes in which the aromatic rings are the same, 
is influenced by the bulkiness of substituent groups. Hydro- 
phobicity seems to exert less influence on molecular plan- 
arity, at least in these dyes, although there are some exceptions * 
in which hydrophobicity is still an important factor in specific 
incorporation. In fact, a comparison of PS and SO did not 
show the expected results from both molar ratio and temper- 
ature variations, probably due to their higher hydrophobicity. 

Classification of cationic dyes according to the intramole- 
cular distortion of aromatic rings and the bulkiness of 
substituted groups on these aromatic rings is summarized in 

* In  the case of PS-SO, PS was incorporated over the whole 
temperature range (2&65 "C) in spite of no incorporation of SO below 
T,, probably due to the much higher hydrophobicity of this pair. 
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Fig. 7 Typical absorption spectra of St-4C1 in various media: [St- 
4CJ = 1.5 x mol dm-3 = const.,pH 10.0, [l] = 6.0 x 104mol 
dm-3, residue ratio of PAA to St-4C1; [COO-]/[St-4C1] = 29, 
temperature; 20 "C and 65 OC, path length of quartz cell, 0.1 cm 

Table 2. It is notable that the border of classification indicated 
by the dotted lines is also variable according to the extent of 
molecular packings among L-glutamate residues of the host 
bilayer aggregates used. 

Evidence by Use of Solvatochromic Dyes.-In our previous 
comrn~nica t ion ,~~ we described the preliminary results of 
planarity recognition of solvatochromic dyes St-4Cl, St-2C, 
and St-2C2 by bilayer aggregates of 1-3. A,,, of St-4Cl is 
located at 448 nm and 477 nm in pure water and methanol 
respectively, regardless of temperature, as shown in Fig. 7. A,,, 
of St-2C1 is located 436 nm and 462 nm in pure water and 
methanol, respectively, regardless of temperature. Similarly, 
A,,, of St-2C2 is located 434 nm and 459 nm in pure water and 
methanol respectively, regardless of temperature. Therefore, the 
change in the site could be detected by the change in absorption 
maximum (A,,J caused by polarity changes in the microenviron- 
ment. The solvatochromic dyes St-4Cl, St-2C1 and St-2C2 
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Table 3 Molar ratio dependences of discrimination between St-4C1 
and St-2Cl by incorporation in the presence of bilayers 1-3 in the 
crystalline state, [Dye] = 1.5 x mol dm-3 = const., pH 10.0 

Discrimination between St-4Cl and St-2C1 

[amphiphile]/[dye] 

Bilayer 2 4 10 20 

1 n X X X 

2 X n X X 

3 X 0 a X 

490 1 
St-4C1 in MeOH 

4 8 4  3, 
t 

St-2C1 in MeOH 
E 

460 2 
4 

St-4C1 in H20 

450 t 2 
440 I St-:: 

St-2C1 in H20 
430 I I I 1 . 1  I 

TC 
10 20 30 40 50 60 70 

77°C 
Temperature dependence of A,,, of St-4C1 and St-2C1 in 

mol dm-3, 
mol dm-3, [3]/[St-4Cl] = [3]/ 

Fig. 8 
the presence of bilayer aggregates of 3: [3] = 6.0 x 
[St-4Cl] = [St-2C1] = 1.5 x 
[St-2Cl] = 4, pH 10.0. Dotted lines indicate T, of 3 in DSC. 

have advantage of giving direct evidence of the site where the 
dyes are accommodated. The mechanism of selective incorpor- 
ation of the planar, solvatochromic dyes could be determined 
clearly by this method. As shown in Figs. 7 and 8, when 3 was 
added to the aqueous solutions of St-4Cl, A,,, shifted to a value 
close to that in organic solvents such as methanol at 20°C. 
Conversely I,,,, shifted to a value close to that in water on 
increasing the temperature. However, St-2Cl, which has a ring 
N-methyl group at the 2-position and a freely rotating of 
pyridinium ring, is somewhat restricted owing to the steric 
hindrance and ;I,,, at 20°C is very different from the value 
corresponding to that in methanol. This indicates that the St- 
2C1 is harder to incorporate than is St-4Cl. Similar results were 
obtained when 2 was added to solutions of St-4Cl, St-2Cl and 
St-2C2 instead of 3. However, the selectivity between St-4Cl and 
St-2C with regard to incorporation in crystalline bilayer hosts 
formed from 2 and 3 was maximized, as shown by the difference 
between A,,, of St-4Cl and St-2Cl, at  a molar ratio of 
approximately 4-5, as shown in Fig. 3 of ref. 29. A lower molar 
ratio, e.g., [3] : [dye] = 2 led to a A,,, value close to that in 
pure water. In contrast, a much higher molar ratio led to A,,, 
values close to those in organic solvents, even though there is no 
A,,, shift from values corresponding to those in pure water in 
PAA-dye (St-4Cl, St-2Cl and St-2C2) systems at any residue 
ratio[COO-] : [dye]. It is also notable that the selectivity tends 

to diminish as the molar ratio increases and reaches a value 
of ca. 10 as shown in Fig. 3 of ref. 29, and Fig. 9, indicating 
that both St-4Cl and St-2C1 were incorporated into the 
hydrophobic region of bilayers 2 and 3 and which showed no 
further selectivity. Therefore, an optimum molar ratio exists at 
which discrimination between planar and bulky dyes occurs. 
These results are summarized in Table 3. Decreasing the molar 
ratio amphiphi1e:dye to the optimum value makes the 
selectivity much more obvious as shown in Fig. 3 of ref. 29. 
However, telomer 1 did not show obvious selectivity at molar 
ratios of 4 and 2, the former because of complete incorporation 
of both St-4Cl (A,,, = 480 nm at 20 "C) and St-2Cl (A,,, = 
468 nm at 20"C), and, by contrast, the latter because of 
difficulty in incorporation of both St-4Cl (Amax = 466 nm at 
20 "C) and St-2Cl (A,,, = 446 nm at 20 "C). Amphiphile 2 also 
showed no clear selectivity even at a molar ratio of 4 because of 
difficulty in incorporation of both St-4C1 (Amax = 464 nm at 
20 "C) and St-2Cl (A,,, = 444 nm at 20 "C). Amphiphile 3 is 
best able to discriminate between dyes St-4C, and St-2Cl as 
shown in Fig. 8. 

The results obtained by using solvatochromic dyes support 
the above-described incorporation behaviour of metachro- 
matic, planar dyes because the metachromatic dyes used in this 
study had limitations in that these dyes did not show enough 
solvatochromism to evaluate the polarity of the microenviron- 
ment and cannot evidence fully the planarity recognition by 
themselves. If the solvatochromic dyes St-4Cl, St-2Cl and St- 
2C2 showed aggregation tendencies, it would make it difficult to 
determine whether or not the A,,, change was derived only from 
solvatochromism. Fortunately, aggregation of St-4Cl, St-2C 
and St-2C2 was practically negligible and these dyes showed 
only solvatochromism. Therefore, the site where the dyes reside 
could be evaluated directly in various bilayer states. As a result, 
the hypothesis that the planar dyes such as MB and A 0  exist as 
incorporated monomers in the hydrophobic region of crystal- 
line bilayer aggregates of 1-3 could be supported by using the 
solvatochromic, planar dye St-4Cl instead of these dyes. The 
greater influence of molecular planarity over hydrophobicity for 
selective incorporation is also supported by the comparison 
between St-2Cl (N-methyl type) and St-2C2 (N-ethyl type).29 

Dispersion States and Planarity Recognition.-In the accom- 
panying paper 28  and previous cornm~nica t ion ,~~ it was 
considered that dye monomer was incorporated at a site near 
the glutamate residue and polar carboxylate. This consideration 
was supported by further investigation as shown in Fig. 10. 
Bilayer aggregates of 3 and 4 (L-glutamate derivatives) induced 
monomer-to-dimer transition in MB, whereas the correspond- 
ing DL-glutamate derivatives 6 and 7 showed quite different 
behaviour from those of 3 and 4. Aggregate morphology 
showed no significant difference between L- and DL-deriva- 
tives.28 A DSC thermogram showed slight differences in T, and 
transition enthalpies ( A H )  between L- and DL-glutamate 
derivatives: 2 (L, n = 18); T, = 55 "C, A H  = 8.7 kcal mol-'; 3 
(L, n = 16); T, = 44"C, AH = 8.0 kcal molF'; 4 (L, n = 14); 
T, = 28"C, A H  = 5.4 kcal mol-ll; 5 (DL, n = 18); T, = 
60 "C, A H  = 8.0 kcal mol-'; 6 (DL, n = 16); T, = 42 "C, AH = 
5.9 kcal mol-'; 7 (DL, n = 14); T, = 25OC, AH = 2.3 kcal 
mol-l. It is known that the AH value is mainly derived from the 
melting of crystallized alkyl chains in the hydrophobic region. 
As a result, the direction of the transitions of MB in L and DL 
bilayer systems is quite different, indicating a difference in 
binding mode of MB to L- and DL-glutamate amphiphiles. It is 
notable that the greater the A H  value, the more remarkable is 
the incorporation of MB into the crystalline bilayer state. 
Therefore, a correlation was observed between the AH value 
and the direction of the transition in MB species. On the basis of 
these results, it is strongly suggested that MB exists close to the 
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Fig. 9 Temperature dependence of i,,,, of St-4Cl and St-2C, in 
the presence of bilayer aggregates of 3: [3] = 1.5 x 10 mol dm-3, 
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Fig. 10 Temperature dependences of absorption ratio (Adimer/Amonomer) 
of MB in the presence of L- and DL-glutamate amphiphiles: [3] = 
[4] =[6] = [7] = 6.0 x rnol dm-3, [MB] = 1.5 x mol 

dm ', pH 10.0. Dotted lines indicate T, in DSC. 

inner site of polar surface of the bilayer aggregates. Dispersion 
states of planar and hindered, metachromatic dyes in bilayer 1 
systems are schematically represented in Fig. 1 1 .  Planar dyes, 
c.g., MB are incorporated into the hydrophobic region of 
crystalline bilayer aggregates of 1 below T, as shown in Fig. 
1 1 (a) .  The incorporated dyes shows monomer-to-aggregate 
transitions on increasing temperature to T,, and further 
increases in temperature above T, lead to ordinary aggregate- 
to-monomer transitions of the dye species as well as the 
conventional dye-polyelectrolyte systems. Bulky dyes such as 

+Temp. +TempC - - TC - 
-Temp. -Temp. 

Fig. I1 Schematic representation of the dispersion states of meta- 
chromatic planar dyes such as MB (a) and bulky dyes such as CV (b) in 
the presence of bilayer aggregates of 1 

CV and R6G were hard to incorporate into the hydrophobic 
region of bilayer aggregates of 1 below its T, as shown in Fig. 
1 l (h) .  The H-aggregates with head-to-head stacking between 
component dyes were gradually converted into monomeric 
species on raising the temperature. However, these changes are 
not related to the phase transition, which causes ordinary 
aggregate-to-monomer transitions. NK-737 formed J-aggre- 
gates with head-to-tail stacking' and T, dependences in the 
presence of 1 and 2. However, the interaction was essentially the 
same as that in Fig. l l (b)  although NK-737 showed a T, 
dependence. Similar interactions of the solvatochromic and 
non-metachromatic dyes St-4C, and St-2C1 with bilayer 
aggregates of 3 are schematically respresented in Fig. 12. Similar 
behaviour was observed when bilayer hosts 1 and 2 were used 
instead of 3. 

These findings may be applicable, for example, to the 
separation of planar guest molecules from mixtures, and to 
selective chemical reactions by using planar substrates in the 
hydrophobic region of crystalline bilayer aggregates. 

Conclusions 
Anionic bilayer membranes of 1-3 in the crystalline state 
incorporate cationic dyes according to the molecular planarity 
regulated by the minimization of intramolecular steric hin- 
drance between aromatic rings and of the bulkiness of 
substitutent groups. Molecular planarity is more important 
than hydrophobicity in the incorporation of the cationic dyes. 
Electrostatic interactions between bilayers and dyes is also one 
of the necessary conditions for the planarity recognition. The 
mode of molecular packing between neighbouring glutamate 
residues in bilayer aggregates is specific and influences the 
classification of dyes as does the molecular structure of the dyes 
themselves, since the interactions of the dyes with L- and DL- 
glutamate derivatives are quite different. The amphiphilic 
telomer 1 is capable of inducing sufficient aggregation in very 
hindered metachromatic dyes which cannot aggregate enough 
when bound to the bilayer 2 which has a much simplified head- 
group. This leads to the obvious discrimination between non- 
solvatochromic, planar and hindered dyes. However, for precise 
discrimination of planarity such as between class 1 and class 2, 
telomer 1 was not suitable and amphiphile 2 was preferred. A 
similar conclusion was drawn when solvatochromic and non- 
metachromatic dyes such as St-4C, and St-2C1 were used 
instead of the metachromatic dyes. In this case, the amphiphile 3 
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+Temp. 
___t 
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-Temp. 

Fig. 12 Schematic representation of dispersion states of solvatochro- 
mic, non-metachromatic planar dyes St-4Cl (a) and bulky dyes St-2Cl 
or St-2C2 (b) in the presence of bilayer aggregates of 3 

was most suitable. An optimum molar ratio of amphiphile to 
dye was also determined for maximum discrimination between 
planar and hindered dyes. 
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